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Faraday Probe Analysis, Part 1: Evaluation of lon
Collection Area (Preprint)

Daniel L. Brown
Spacecraft Branch, Propulsion Directorate
Air Force Research Laboratory, Edwards AFB, CA 93524

and

Alec D. Gallimore
Plasmadynamics and Electric Propulsion Laboratory, Department of Aerospace Engineering,
The University of Michigan, Ann Arbor, Ml, 48109

A Faraday probe with three concentric rings was designed and fabricated to assess the effect of
gap width and collector diameter in a systematic study of the diagnostic ion collection area. The
nested Faraday probe consisted of two concentric collector rings and an outer guard ring, which
enabled simultaneous current density measurements on the inner and outer collector. Two
versions of the outer collector were fabricated to create gaps of 0.5-mm and 1.5-mm between the
rings. Distribution of current density in the plume of a low-power Hall thruster ion source was
measured in azimuthal sweeps at constant radius from 8 to 20 thruster diameters downstream of
the exit plane with variation in facility background pressure. A new analytical technique is
proposed to account for ions collected in the gap between the Faraday probe collector and guard
ring. This method is shown to exhibit excellent agreement between all nested Faraday probe
configurations, and to reduce the magnitude of integrated ion beam current to levels consistent
with Hall thruster performance analyses. The technique is further studied by varying the guard
ring bias potential with a fixed collector bias potential, thereby controlling ion collection in the
gap. Results are in agreement with predictions based on the proposed analytical technique. The
method is applied to a past study comparing the measured ion current density profiles of two
Faraday probe designs. These findings provide new insight into the nature of ion collection in
Faraday probe diagnostics, and lead to improved accuracy with a significant reduction in

measurement uncertainty.

PREPRINT — Review of Scientific Instruments, Submitted 2010 1
Distribution A — Approved for Public Release, Distribution Unlimited (JA-2010-063)



I. INTRODUCTION

Accurate measurement of ion current density in the plume of electric propulsion systems
is required to study beam divergence and to quantify ion beam current. Faraday probe current
density measurements are typically used for qualitative evaluation of the plume profile as
opposed to quantitative assessment, since calculations of total ion beam current are often greater
than the thruster discharge current. Numerous studies have attributed this discrepancy to facility
effects [1,2,3], and many have aimed at mitigating these ground-based effects through extensive
study of probe design modifications, experimental methods, and analytical techniques [4,5,6,7].

lon collection attributes of Faraday probe electrodes have not been thoroughly evaluated
for in-space plasmas, since the uncertainty associated with design geometry is generally assumed
to be insignificant compared to the uncertainty associated with ground facility effects. The
plasma generated in electric propulsion devices are significantly lower in density and/or energy
than past investigations of Faraday cups that evaluated laser-produced plasmas [8], dense plasma
focus (DPF) discharges [9,10], or energetic electron beams [11]. Faraday cup behavior in these
investigations was shown to be influenced by secondary electron emission (SEE), space-charge
effects, and ambient pressure.

Although there are numerous Faraday cup configurations of varying complexity, a simple
Faraday probe design operates with equal bias potential applied to an ion collector and an outer
guard ring, thereby creating a flat uniform sheath above the collector electrode to repel plasma
electrons. According to conventional design criterion, the gap between collector and guard ring
should be less than ten Debye lengths to maintain a flat uniform sheath above the collector and
minimize fringing fields around the edge [3]. A past comparison of two nude Faraday probe
designs surmised the differences in measured current density of a Hall thruster plume were due

to probe geometry and dissimilar SEE properties of the probe collector materials [7]. Although
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SEE characteristics have been evaluated [12] for different collector materials, the effects of
probe geometry have not been methodically investigated.

This paper is Part 1 of a two-part investigation designed to increase accuracy and
systematically evaluate the measurement uncertainty of Faraday probe current density associated
with (1) probe design and (2) facility effects. A nested Faraday probe consisting of two
concentric collector rings and an outer guard ring was designed and fabricated to enable study of
the gap width and collector diameter. Facility effects on the collected ion current are quantified
and isolated from differences due to probe design by adjusting facility background pressure and
measurement distance from the thruster exit plane. Isolation of facility effects enabled a direct
evaluation of the diagnostic ion collection properties as a function of geometric design with four
configurations of the nested Faraday probe. This paper develops a hypothesis to explain the
nature of ion collection in Faraday probes and proposes analytical techniques to assess the ion
collection area. The proposed analytical techniques are studied with variations in the guard ring
bias potential, and are further examined by applying the methods to a past investigation
comparing nude Faraday probe designs [3,7].

Part 2 of this investigation is focused on facility effects and ion migration in the plume of
a low-power Hall thruster [13]. Recommendations for probe design, experimental methods, and
data analysis are detailed in Part 2 using results from the two-part investigation. These
recommendations are believed to reduce measurement uncertainty to £3%, which is significant
improvement over the estimated 20% or more that is commonly reported.

The overarching goal is to increase accuracy and reduce measurement uncertainty such
that accurate determination of the plume profile, ion beam current, and plume divergence may be

determined to evaluate Hall thruster performance. More importantly, the research is intended to
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improve comparisons of ground-based experimental measurements with simulations of the on-

orbit plume.

1. EXPERIMENTAL APPARATUS

A. Vacuum Facility and Hall Thruster lon Source

The investigation was conducted at AFRL in Chamber 1, a stainless steel, cylindrical
vacuum chamber 2.3-m in diameter and 4-m in length. An Edwards DryStar GV160 mechanical
booster pump reached rough vacuum and lighter gases were removed with a Varian TV55
turbomolecular pump. Two CVi TorrMaster cryotubs circulated liquid nitrogen to cool 4
cryopanels, and achieved a maximum xenon pumping speed of 50,000 I/s. An MKS Instruments
cold cathode ionization gauge was located on the chamber ceiling above the thruster centerline,
and background pressure was increased by injecting xenon propellant through an auxiliary flow
line located less than 1-meter downstream of the thruster exit plane.

The ion source for these experiments was a low-power laboratory Hall thruster. Prior to
Faraday probe data collection, the thruster was fired for over 1 hour after initial start-up.
Thruster telemetry was monitored during Faraday probe sweeps, and exhibited negligible
deviation from steady-state operation.

The Faraday probe (R,0)-positioning system consisted of a translation stage for control of
measurement radius and a rotation stage, which was centered beneath the exit plane on thruster
centerline. In Fig. 1, one end of the translation stage is shown mounted on top of the rotation
stage, enabling current density scans from 0° to 180° at constant radius up to 70-cm from the

axis of rotation at the exit plane. A National Instruments MID-7604/7602 Power Drive
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interfaced with the rotation and translation stages, and data acquisition was controlled through

LabView.

Hall Thruster
(stationary position)

>8cm

Translation Stage

Rotation Stage

FIG 1. Diagnostic positioning system in Chamber 1 with R,0-coordinate axis control.

B. Nested Faraday Probe

The nested Faraday probe consisted of two concentric collector rings and an outer guard
ring, which enabled simultaneous current density measurements on the inner and outer collector.
The inner collector is designated Collector 1 and the outer collector is designated Collector 2.
Two versions of Collector 2 were fabricated to create gaps of either 0.5-mm or 1.5-mm between
the rings. For either version of Collector 2, the gap between Collector 1 and Collector 2 is
always the same as the gap between Collector 2 and the guard ring. The collectors and guard
ring are seated within a boron nitride shell and are different heights to form a highly concentric
probe with uniform gap width, as illustrated in the diagram in Fig. 2. These heights are labeled
Hi, H,, and Hg for Collector 1, Collector 2, and the guard ring, respectively. Probe dimensions

are listed in Table I.
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TABLE I. Nested Faraday probe dimensions.

Collector 1 Collector 2 Guard Ring
0.5-mm Gap  1.5-mm Gap
Inner Diameter (mm) - 7.06 9.16 20.27
Outer Diameter (mm) 6.11 18.91 17.06 29.93
Height (mm) 15.58 13.75 13.76 10.22
Collector 1 — 2 Gap (mm) - 0.48 1.53 -
Collector 2 — Guard Ring Gap (mm) - 0.68 1.61 -

Gap=0.50r1.5mm

Collector 1
Collector 2
Outer Diameter Guard Ring
36 mm
BN Shell

FIG. 2. Top-view and cross-sectional diagrams of the AFRL nested Faraday probe.

Past experimental measurements of the Hall thruster ion source beam indicated the Debye
length ranged from ~0.05 mm to ~1 mm throughout the plume from 8 to 20 channel centerline
diameters downstream (CCDD) from the exit plane [14]. Thus, the 0.5-mm gap configuration is
expected to be less than or equal to 10 Debye lengths for all locations studied with the nested
Faraday probe. The 1.5-mm gap configuration is greater than 10 Debye lengths, and is oversized

to highlight effects of a gap width greater than the 10 Debye length design criteria.
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Four ion collection geometries are studied using the nested Faraday probe. These

configurations are shown in Fig. 3 and referred to as:

1. Configuration 1 — Current to Collector 1 with a 0.5-mm gap
2. Configuration 2 — Combined current to Collector 1 and 2 with a 0.5-mm gap
3. Configuration 3 — Current to Collector 1 with a 1.5-mm gap

4. Configuration 4 — Combined current to Collector 1 and 2 with a 1.5-mm gap

0.5 mm Gap 1.5 mm Gap
Configuration 1 Configuration 2

Collectorl
Configuration 3 Configuration 4

Collector1+2

FIG. 3. Top-view of the four collection area configurations of the nested Faraday probe. Dark shaded regions
indicate the current collecting surfaces orthogonal to the beam. The gap between Collector 1 and Collector 2
is approximately equal to the gap between Collector 2 and the guard ring.

For either the 0.5-mm or 1.5-mm gap configuration, the current collected by Collector 1
is compared to the combined current on Collector 1 and Collector 2 (termed Collector 1+2).
Adding the collected current isolated effects caused by the inner gap to Collector 1 from effects

caused by the outer gap to Collector 1+2. If the collected current were not added, Collector 2
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may be influenced by effects between the inner gap (Collector 1 with Collector 2) and the outer
gap (Collector 2 with the guard ring). This analysis allowed comparison of simultaneous
measurements to different collection cross-sections with the same gap width.

The nested Faraday probe collectors were machined from arc-cast low-carbon grade-365
molybdenum, and the guard ring is grade-360 molybdenum. Differences in SEE between the
collectors and guard ring due to electrode material and surface roughness should be negligible.
Collection surfaces were machined to a standard 32-p” AA finish. A 20-cm long stainless steel
tube houses the boron nitride shell and probe leads. This housing extends to the probe face and
is grounded to create known boundary conditions for numerical simulations. Trials with the
stainless steel housing allowed to float caused no change in collected current. All subsequent
measurements were taken with the housing connected to chamber ground.

Collected current on both collectors and the guard ring were measured with an Agilent
34970A Data Acquisition/Switch Unit. An Agilent E3631A Triple Output DC power supply was
used to bias the collectors and guard ring. The nested Faraday probe operation was characterized
with variations in probe bias potential over a range of angular positions and downstream
distances at several facility background pressures. A bias potential of -20 V with respect to
facility ground was beyond the ion current saturation limit in all cases, and was used for all

Faraday probe measurements unless otherwise noted in Section I11.B.

I11. RESULTS

Current density in the plume of a low-power Hall thruster was measured in angular
sweeps from 6=0° to 180° at distances of 8, 12, 16, and 20 CCDD from the ion source. Far-field
measurements were taken for a hemispherical, axisymmetric coordinate system. Angular
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measurements were taken in 2° increments. Part 2 of this investigation includes analysis of
systematic measurement error associated with investigating the annular Hall thruster geometry
with a spherical measurement coordinate system [13]. This systematic error is accounted for
throughout Part 1, and is estimated to be less than 1% for all measurements beyond 8 CCDD.

Normalized ion current density profiles of the four collector configurations are shown at
8, 12, 16, and 20 CCDD in Fig. 4. All profiles are normalized to the peak current density of
Configuration 1 at 8 CCDD. The current density measured by Collector 1 was consistently
larger than Collector 1+2, and the 1.5-mm gap configurations measured a larger current density
than the 0.5-mm gap configurations. These differences were uniform over the entire profile.
Configuration 3 measured the maximum current density at a given scan radius, followed by
Configurations 1, 4, and 2. Although the 1.5-mm gap is larger than 10 Debye lengths and may
be expected to cause discrepancies between Configurations 3 and 4, the 0.5-mm gap
configurations were expected to measure equivalent current density profiles. However,
comparison of the 0.5-mm gap configurations reveals the current density of Configuration 1 is
approximately 10% larger than the current density of Configuration 2.

It is noted that current density measurements using the 0.5-mm gap were taken during
separate thruster firings from the 1.5-mm gap configuration. However, differences in operation
of the ion source were minimal, and would not explain the large discrepancies of Configuration 1
compared to Configuration 2. Configuration 2 was the only probe configuration to result in an

integrated beam current less than the Hall thruster discharge current.
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FIG. 4. Normalized current density profiles from Collector 1 and Collector 1+2 for the 0.5-mm and 1.5-mm gap
configurations measured at 8, 12, 16, and 20 CCDD with a facility background pressure of 3.1x10°® torr.

In this investigation of probe geometric effects on collected current, it is assumed the ion
current density is constant across the probe surface. Therefore at a given location in the plume,
the nested Faraday probe measurements should yield equivalent ion current density. For equal
current density, the ratio of the collected current on the inner and outer collectors should be

equivalent to the ratio of the current collection areas, expressed as:

lcaica[0R]_ 1ca[6.R] o lenico [o.R] _Aciica 1)
Actic2 Act lca[0.R] Act

where 0 is the angular position in the plume in spherical coordinates, R is the downstream
measurement radius in spherical coordinates, Ic1[0,R] is the current to the inner collector as a

function of position, Ici1+c2[6,R] is the combined current to the inner and outer collectors as a
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function of position, Ac; is the cross-sectional collection area of the inner collector, and Aci+c2
is the total cross-sectional collection area of the inner and outer collector.

Ratios of ion collection area and ratios of collected current are shown for all background
pressures and all distances in Fig. 5. The ratios are calculated based on the collected current or
calculated area of the Configuration 2 (or 4) relative to Configuration 1 (or 3). Dashed lines
representing the Faraday probe cross-sectional collector area ratios are approximately 15% and
20% greater than the ratios of collected current for the 0.5-mm and 1.5-mm gap configurations,
respectively. Fluctuations in the collected ion current ratio increase beyond +50° from thruster
centerline during low background pressure operation. However, ratios of collected ion current
are relatively insensitive to variations in distance and pressure in the central core, which
indicates the primary difference between current ratios and area ratios is a systematic error
associated with the ion collection area. Variations on the wings are attributed to differences in
probe resolution and the orders of magnitude decrease in collected current magnitude.

Several patterns emerge from the comparison in Fig. 5. The first is that the 1.5-mm gap
configuration appears to have a larger systematic error than the 0.5-mm gap configuration. In
addition, the ratio of the outer collector area relative to the inner collector area is over-predicted,
thereby suggesting that the size of the collector plays a role in this systematic error. The effect
of gap width on current to Collector 1 is studied as the ratio of Configuration 1 relative to
Configuration 3. While these measurements were performed during different firings of the Hall
thruster ion source, the increased gap width corresponds to an increase in the collected current.

Identifying and accounting for the systematic error will be the focus of the following section.

PREPRINT — Review of Scientific Instruments, Submitted 2010 11
Distribution A — Approved for Public Release, Distribution Unlimited (JA-2010-063)



Ratio of Collected Current
— 3.1x10®torr, 8, 12, 16, 20 CCDD
— 1.0x10-5torr, 8, 12, 16, 20 CCDD
— 3.4x10-5torr, 8, 12, 16, 20 CCDD
Ratio of Collection Area
— = Geometric Cross-Sectional Area
— i Corrected Cross-Sectional Area

12.0

Config. 2/ Config. 1

Ratio of Collected Current (-)

0 20 40 60 80 100 120 140 160 180
Angular Position (degrees)

FIG. 5. Comparison of collector area ratios and collected current ratios of the 0.5-mm configuration (top), 1.5-mm
configuration (middle), and Collector 1 (bottom) at 3.1x10°, 1.0x10°°, and 3.4x10° torr measured at 8, 12, 16, and
20 CCDD as a function of probe angular position.

IV. DISCUSSION

A. lon Collection in the Gap

Current density profiles and ratios of collected current compared to ratios of the probe
collection area demonstrated that the gap width and probe size have an effect on Faraday probe
measurements, and may cause differences in excess of 20%. In addition to the trends observed

in Fig. 5, extensive experimental evidence has shown that Faraday probe measurements typically
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overestimate ion beam current in the Hall thruster plume. This phenomenon is typically
attributed to additional ion current from facility effects, but may also be a result of under-
predicting the effective ion collection area of the probe. In conventional nude Faraday probe
design and analysis, the collection area is calculated as the cross-sectional geometric area of the
collector (Ac = w Rc?). The gap width is designed to be less than 5 to 10 Debye lengths to create
a flat, uniform sheath over the collector surface.

One possible mechanism for variation from the cross-sectional geometric probe area is
the collection of ions within the gap between the collector and guard ring. In this conceptual
model, high energy beam ions entering the gap volume impact the ceramic base of the nested
Faraday probe, and the resulting low energy ions are collected by the walls of the negatively
biased electrodes. A fraction of this current is collected on the side walls of the collector,
thereby increasing the collected ion current and causing an overestimate of the calculated current
density. The effect is shown in Fig. 6, and illustrates the increase in the cross-sectional

collection area to account for ion current to the collector side wall.

lons to collector
Cross-Sectional Geometric Area = Ac

lons to collector side wall
Effective Gap Cross-Sectional Collection Area =xg

Beam ions enter gap

<

N
T

VvVV'VYVY

Guard o+
Collector Ring

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

N

Ceramic

Gap Cross-Section

FIG. 6. lllustration of ions collected by the side walls of the nested Faraday probe and the increase in cross-
sectional ion collection area.
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To correct for this increase in the effective probe collection area, a Faraday probe gap
correction factor, kg, was developed to account for differences in collector diameter and gap
width. This correction factor partitions the current collected in the gap volume based on the ratio
of the side wall surface areas.

The geometric probe collection area Ac is increased to account for ions entering the gap

volume that are collected by the collector side wall as

Ackfrective = Ac +Xg (2)

where Agsreciive 1S the effective cross-sectional probe collection area. The gap correction factor kg

is formulated as

KG:AGap{LJ:”(RGRZ'Rcz{ 27Rche ], (3)

Ac +AGcR 27 Rche +27Rgrher

where Aggp is the cross-sectional area of the gap, Ac is the side-wall surface area of the
collector, and Acr is the side-wall surface area of the guard ring. The gap correction is also
expressed in terms of probe geometry for the conventional nude Faraday probe with a single
collector and guard ring shown in Fig. 7, where Rc is the collector radius, Rgr Is the guard ring
inner radius, g is the gap width, hc is the height of the collector, and hgg is the height of the
guard ring.

Based on this hypothesis, the effective probe collection area would show the greatest
increase for designs with a large gap width and a large collector side wall surface area. The
cross-sectional area of a 5 to 10 Debye length gap width may collect a significant fraction of the
measured ion current, especially for a probe with a small collector diameter. It is important to

note the formulation of kg in Eq. (3) is only applicable to conventional nude Faraday probes with
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a ceramic base in the gap volume. The area of probe designs with a conductive base would be

expected to behave differently. This scenario will be studied in greater detail in Section 111.C.

lons to collector
lons in gap to collector and guard ring

r lons to guard ring

her

i Rc 9

Rer

FIG. 7. Diagram of the nude Faraday probe collector (outer radius R, height h¢c), guard ring (inner radius Rgg,
height hgg) and gap width (g).

Corrected and uncorrected collection areas of the four nested Faraday probe
configurations are compared in Table 1I. The gap correction factor increased the cross-sectional

areas by approximately 10% to 55% to account for ion collection in the gap.

TABLE Il. Corrected and uncorrected collection areas of the nested Faraday probe.

Collection Area Corrected with xg Uncorrected Collection Area
0.5-mm gap
Ac; (mm?) Configuration 1 = 34 Configuration 1 = 29
Aciico (mm?) Configuration 2 = 304 Configuration 2 = 281
Aci+col Act Area Ratio = 8.90 Area Ratio = 9.58
1.5-mm Gap
Ac; (mm?) Configuration 3 = 45 Configuration 3 = 29
Aciico (mm?) Configuration 4 = 279 Configuration 4 = 229
Aci+col Act Area Ratio = 6.18 Area Ratio =7.80
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The geometry with smallest collector diameter and the largest gap, Configuration 3, had
the largest correction in cross-sectional area of approximately 55%. By comparison, the
correction to Configuration 1 was approximately 17%. This substantial difference highlights the
effect of a large gap on a small diameter collector. The gap corrections were larger for the inner
collector and larger for the 1.5-mm gap configurations. These trends mirror the patterns
established in Fig. 5.

The corrected area ratios of Configuration 2 relative to Configuration 1 and
Configuration 4 relative to Configuration 3 are listed in Table Il. These values are compared to
the ratio of collected ion current in Fig. 5. The ratios of corrected probe collection area are
within 5% of the ratios of collected ion current for all cases. Agreement between the ratios
implies the gap correction factor is accurately partitioning ions in the gap between the collector
and guard ring walls for all distances and pressures.

Profiles of ion current density using the corrected probe collection areas are shown in
Fig. 8. All four profiles exhibit excellent agreement and the current density of Configurations 2,
3, and 4 are indistinguishable throughout the plume. The current density of Configuration 1 is
larger than the other profiles by a consistent margin. This may be caused by underestimation of
the corrected collection area for this configuration, which would also account for the 5% larger
corrected area ratio of the 0.5-mm configurations compared to experimental result in Fig. 5.
Possible causes of this deviation include errors in machining tolerance and misalignment.
Despite this variation, the uniform current density profiles of four different probe configurations
supports the assertion that kg is accurately accounting for differences in probe geometry based

on probe size and gap width.
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The uniform current density traces between the 0.5-mm and 1.5-mm gap configurations
in this study indicates fringing field effects above the gap may have a negligible effect on
collected current when the gap correction factor is applied, and the 5 to 10 Debye length gap
design criteria may be relaxed. This concept will be studied in the following section by varying

the bias potential on the guard ring while holding a constant potential on the collector electrode.
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FIG. 8. Normalized current density profiles, corrected with kg, for Configurations 1, 2, 3, and 4 measured at 8, 12,
16, and 20 CCDD with a facility background pressure of 3.1x10°° torr.

B. Non-Uniform Bias Potential

A non-uniform bias potential across the Faraday probe surface is used to study the current
collected in the gap volume and how it is distributed to either the collector or guard ring. The
following analysis is idealized and based on the model of ion collection by the side walls

described in the previous section. With zero bias potential on the guard ring and -15 V on the
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collector, all current in the gap volume would be measured on the collector. In this case, the
effective collection area would be the combined cross-sectional area of the collector and gap
(ActAcap). With a large negative bias potential on the guard ring (<< -15 V) and -15 V on the
collector, all current in the gap volume should be collected by the guard ring and the collector
will measure less current. In this instance, the effective collection area would simply be the
cross-sectional geometric area of the collector (Ac). For uniform current density over the probe
collection area, the ratio of collected current at the highest and lowest guard ring bias potential
should be equal to the ratio of the collection areas. This formulation is shown in Eq. (4) and is

similar to the rationale used in Eq. (1). At a fixed location in the plume, the expression is written

Inep[Vaias = 0] _ Inep[Vaias = -25] - Inep[Vaias =0] _ Ac*+Acap 4)
Ac +Agap Ac Inep[Vaias = -25] Ac

where Vpiss IS the applied guard ring bias potential and Ingp[Vgias] 1S the collected ion current as a
function of guard ring bias potential.

The equivalence in Eq. (4) is examined for the 0.5-mm gap version of the outer collector.
Normalized collected current measured with Configuration 1 is displayed in Fig. 9 and with
Configuration 2 is displayed in Fig. 10. For a fixed -15 V on the collector, the collected current
as a function of guard ring bias potential is shown from 6=50° to 6=130° in 10° increments. The
examination of Configuration 1 in Fig. 9 assesses the inner gap between Collector 1 and
Collector 2, where Collector 2 is considered the guard ring. The examination of Configuration 2
in Fig. 10 assesses the outer gap between Collector 2 and the guard ring, where the collector
consists of the combined current from Collector 1 and Collector 2. These two cases show the
variation in collected ion current when the respective guard ring bias voltage is varied from 0 V
to -25 V. As predicted, the collector current saturates when the guard ring is biased to 0 V.
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When the guard ring bias voltage is decreased, the collector current declines and approaches an

asymptote as Vi i further reduced beyond the collector bias voltage of -15 V.
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FIG. 9. Normalized current to Configuration 1 as a function of bias potential on the outer collector and the guard
ring. Measurements are normalized to the maximum centerline current for Vg;,s=0 V, and are shown from 6=50° to

130° in 10° increments at 20 CCDD with a facility background pressure of 3.1x10°° torr.
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FIG. 10. Normalized current to Configuration 2 as a function of bias potential on the guard ring. Measurements are
normalized to the maximum centerline current for Vg;,s=0 V, and are shown from 6=50° to 130° in 10° increments
at 20 CCDD with a facility background pressure of 3.1x10° torr.

Table 111 lists the normalized current of Configuration 1 and Configuration 2 at Vigjss=0 V
and Vpiss=-25 V on the respective guard rings. In regions of the central core where the collected
ion current exhibits a negative slope with -25 V on the guard ring, the asymptotic value is

estimated.
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TABLE I11. Normalized collected current when Vg;,s=0 V and Vpi,s=-25 V for the 0.5mm gap configurations.

Normalized Current, Configuration 1 (A) Normalized Current, Configuration 2 (A)
Probe Position _ Iyro[O0] _ Iuro[O]
(degrees) Ve =0V Vpie—Saturation ————— Ve =0V Vpie—oSaturation ————
INFP['25] INFP['25]

50° 0.081 0.06 1.35 0.079 0.068 1.16
60° 0.19 ~0.14 1.36 0.18 0.16 1.14
70° 0.43 ~0.34 1.26 0.44 0.38 1.14
80° 0.88 ~0.71 1.24 0.89 ~0.76 1.16
90° 1.0 ~0.80 1.25 1.0 ~0.86 1.16
100° 0.85 ~0.68 1.25 0.85 ~0.74 1.14
110° 0.40 ~0.31 1.29 0.40 0.34 1.14
120° 0.17 0.13 1.31 0.17 0.15 1.15
130° 0.078 0.058 1.34 0.075 0.065 1.15

The ratio of collected ion currents in Table Ill may be compared to the ratio of cross-
sectional ion collection areas described in Eq. (4) using the dimensions in Table I. In
Configuration 1, the Collector 2 inner diameter relative to the Collector 1 outer diameter is
approximately (7.06/2)%/(6.11/2)>=1.33. In Configuration 2, the guard ring inner diameter
relative to the Collector 2 outer is approximately (20.27/2)%/(18.91/2)>=1.15. In both
configurations, the ratio of collected current Inrp[0]/Inrp[-25] listed in Table 111 is approximately
equal to the ratio of calculated cross-sectional geometric collection areas. Similar trends were
observed for the 1.5-mm gap configurations, but the larger gap distance required a larger
negative bias potential on the guard ring to achieve current saturation.

These findings indicate ions in the gap volume were represented by the ratio in Eq. (4),
and comprise a non-negligible fraction of the collected current. Thus, conventional nude
Faraday probe measurements with equal bias potential on the collector and guard ring necessitate
a correction to the cross-sectional collection area. Based on these results and consistent

agreement in current density profiles in Fig. 8, it may be possible to relax the probe design
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criterion of 5 to 10 Debye lengths if the effective collection area can be determined using probe

geometry.

C. Application to Past Investigation

In a notable investigation of Faraday probe design by Walker, Hofer, and Gallimore
[3,7], measurements of ion current density in a Hall thruster plume with a Jet Propulsion
Laboratory (JPL) Faraday probe design were compared to a Glenn Research Center (GRC) nude
Faraday probe design. Disparities in the measured current density were attributed to differences
in the collector material SEE coefficient (0.15 for steel vs. 0.02 for tungsten) and probe
geometry. However, a later study conducted at AFRL substituted collectors of differing material
while maintaining equivalent Faraday probe geometry [12]. These experiments showed
negligible difference in the measured ion current density between molybdenum, aluminum, and
carbon collectors, and indicated SEE properties had a minimal effect between these materials in
the far-field plasma plume. To further evaluate these findings, the gap correction factor is
applied to the comparison of Faraday probe design by Walker et al. [3,7] to examine the
possibility that differences are due to ion collection in the gap volume. Relevant probe
dimensions for the JPL Faraday probe and GRC nude Faraday probe are shown in Table IV.

Probe cross-sections are displayed in Fig. 11 and Fig. 12.

Elongated Guard Ring \
C ic Insulat
eramic Insu aor\V

Collector

4
/ L\
Region Internal to Probe Body J Gap Volume

FIG. 11. Cross-section of the JPL nude Faraday probe.
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FIG. 12. Cross-section of the GRC nude Faraday probe.

TABLE IV. Geometry and area correction of the JPL and GRC nude Faraday probes [3].

JPL Nude Faraday GRC Nude Faraday

Probe Design Probe Design
Collector Outer Diameter (mm) 231 19.4
Guard Ring Inner Diameter (mm) 25.4 22.2
Gap Width (mm) 1.15 1.40
Cross-Sectional Collection Area (mm?) 419 296
Cross-Sectional Area Corrected with kg (cm?) 4.40 3.38

Results from the investigation by Walker [3,7] are listed in Table V for three facility
pumping speed configurations of the Large Vacuum Test Facility (LVTF) at the Plasmadynamics
and Electric Propulsion Laboratory (PEPL) at the University of Michigan. Pumping speeds were
70,000, 140,000, and 250,000 I/s, corresponding to 2, 4, and 7 operational cryopumps.
Integrated ion beam current values in Table V are calculated from reported ratios of beam
current relative to thruster discharge current, lpeam/lg. The integrated ion beam current is shown
in Fig. 13 as a function of pumping speed for all thruster operating conditions tested. The GRC
probe measured a larger current density and total ion beam current for all operating conditions.
In all cases, the plume profiles were similar in shape, and the authors attributed the disparity in
magnitude to collector material SEE properties and an uneven sheath over the GRC probe [3].
While both effects may influence the collected current, the affect of ions in the gap volume may

be estimated using the gap correction factor described in the previous sections.
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TABLE V. Comparison of the JPL and GRC Faraday probes for variations in background pressure and thruster
operation, from Walker et al. [7].

: ; Reported lon Gap Corrected lon
#of LVTF B?Dcrlgggggend D\I/Scﬁ?:ége Dcl:sucrt::;]gte Beam Current (A) Beam Current (A)
Cryopumps
yopump (torr) \% V) JPL Probe  GRC Probe JPL Probe GRC Probe
2 1.3x10° 300 4.39 3.78 4.13 3.59 3.61
4 7.6x10°® 300 4.37 3.89 4.24 3.70 3.71
7 4.3x10° 300 4.35 3.92 4.44 3.73 3.88
2 2.3x10° 300 10.23 9.10 9.92 8.66 8.68
4 1.3x10° 300 10.14 9.13 10.04 8.68 8.78
7 7.7x10°® 300 10.22 9.20 10.42 8.75 9.11
2 1.3x10° 500 5.01 4.16 451 3.96 3.94
4 7.6x10°® 500 4.93 4.24 4.73 4.03 4.14
7 4.6x10° 500 4.89 4.40 5.04 4.19 4.40
2 2.3x10° 500 10.62 9.77 10.62 9.30 9.29
4 1.3x10° 500 10.66 10.02 11.09 9.53 9.69
7 7.7x10°® 500 10.72 9.86 11.26 9.38 9.84
12
10 i

‘ — Discharge Current = 10.7 A
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FIG. 13. Total ion beam current of the NASA173M-v1 as a function of background pressure for the JPL and GRC
nude Faraday probes from Walker et al. [3].

In Table IV, the gap correction factor kg increases the ion collection area of the JPL
probe by ~5% and the GRC probe by ~14%. However, the guard ring design of the JPL probe

differs from the GRC probe and the AFRL nested Faraday probe in that the base of the gap is
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conductive, and will collect a fraction of the ions in the gap. To account for this difference in the
JPL Faraday probe, the surface area of the base was added to the guard ring side-wall surface
area in the calculation of k. lon collection by the area behind the collector of the JPL probe is
expected to be minimal and is not accounted for in this rudimentary analysis.

To evaluate the applicability of the gap correction factor to this comparison of Faraday
probe designs, the following analysis considers three cases and illustrates the results as the ratio

of the total ion beam current of the JPL probe relative to the GRC probe.

Case 1: No area corrections. Beam current ratio corresponds to the ratio of reported values.

Case 2: Both areas corrected. Beam currents of both probes are modified according to the
gap corrected area values in Table V.

Case 3: Only the GRC probe collection area is corrected according to the gap corrected area
value in Table IV.

Case 3 evaluates the uncorrected beam current of the JPL probe with the corrected beam
current of the GRC probe. Due to the conductive base in the guard ring and internal region of
the JPL probe, the gap correction factor may not be suitable as presently formulated. The GRC
probe guard ring configuration is a similar design to the AFRL nested Faraday probe, and the
gap correction is more applicable.

The ratios of measured and corrected ion beam current from Table V are illustrated in
Fig. 14. For Case 1, beam current measured by the JPL probe is ~10% less than the ion beam
current measured by the GRC probe. Case 2 shows the effect of correcting both probe collection
areas for the gap width, and resulted in good agreement to within 3% for all thruster operating
conditions at the high background pressures, corresponding to facility pumping speeds of 70,000

and 140,000 I/s. The correction appears to be more applicable in the highest background
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pressure case. In Case 3, the GRC probe and JPL probe beam currents exhibited very good
agreement for all thruster operating conditions at the lowest facility background pressure,

corresponding to a facility pumping speed of 250,000 I/s.
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FIG. 14. Ratio of total ion beam current of the JPL nude Faraday probe relative to the GRC nude Faraday probe
with variations in facility pumping speed for the Case 1 (top), Case 2 (middle), and Case 3 (bottom).

As the number of pumps was decreased, and hence the facility background pressure and
CEX ion number density in the plume increased, the ratios of the integrated beam current
increased for all cases. This phenomenon may be explained based on the distribution of ions to

the guard ring and collector side-walls within the JPL probe gap volume. At low background
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pressure, incoming ions entering gap are primarily collected by the conductive base in the guard
ring, and the ion collection area is approximately equal to the cross-sectional probe collection
area A.. Therefore no correction is necessary. At elevated facility background pressure with
increased low-energy CEX ions, a significant fraction of the ions entering the gap volume are
collected by the collector side-wall. This increases the measured ion current and necessitates
evaluation of the effective cross-sectional collection area of the probe, as illustrated in Fig. 15.
In this hypothesis, the partition of ions in the gap volume of the JPL probe is a function of
background pressure and is not adequately described by the gap correction factor, ks. Therefore,
the cross-sectional area of the JPL nude Faraday probe would be appropriate at low background
pressure, but additional characterization may be required to determine the collection area at high
facility background pressure. In contrast, the correction kg is expected to be applicable for the
GRC nude Faraday probe regardless of facility background pressure, since it has a ceramic base.
Applying the gap correction factor to the investigation by Walker revealed differences
associated with Faraday probe design and the importance of accurately assessing ion collection
characteristics in the gap. If the effective ion collection area of the JPL probe varies with
background pressure, characterization of facility effects with measurement distance and pressure
using the JPL probe may introduce unknown trends. Although the JPL Faraday probe may not
require an area correction at low facility background pressures, the collection areas of the
conventional GRC Faraday probe and the AFRL nested Faraday probe designs are less difficult
to characterize and therefore are more suitable for investigations of beam divergence and facility

effects when the Debye length and CEX ion number density varies throughout the plume.
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FIG. 15. [lllustration of ion collection in the gap volume of the JPL Faraday probe for high and low facility
background pressure.

IV. SUMMARY AND CONCLUSIONS

A nested Faraday probe with two concentric collectors and an outer guard ring was
designed and fabricated at AFRL to investigate the effects of probe geometry on current density
measurements in a Hall thruster plume. The probe was characterized over a range of background
pressures and downstream distances to isolate effects specific to probe geometry. An important
result was the identification of ion current collection by the side-wall of the collector, which
increases the calculated current density when the cross-sectional collector area is used. A
correction factor was proposed to adjust the effective probe collection area for ions collected by

the walls in the gap volume.
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To further illustrate the nature of the gap correction factor, a dissimilar bias potential was
applied to the collector and guard ring of the nested probe. Depending on the potential
difference between the guard ring and collector, this study demonstrated the ability to collect
nearly all of the ions in the gap volume on the side wall of the guard ring or the side wall of the
collector. Correct application of the correction factors to both the 0.5-mm and the 1.5-mm gap
configurations resulted in equivalent plume profiles despite the 1.5-mm gap being approximately
15 to 30 Debye lengths on thruster centerline. Although the 1.5-mm gap configuration may
introduce a non-uniform sheath over the Faraday probe collecting surface, the non-uniformity is
primarily over the gap width and appears to be accounted for by distributing the ions in the gap
volume using the gap correction factor. These results indicate the conventional design criteria of
5 to 10 Debye lengths maybe relaxed using the proposed analytical technique. This result has
important implications for Faraday probes designed to operate over a range of plume properties
with widely varying Debye length.

The analytical techniques were applied to a past investigation that compared two Faraday
probe designs, and led to new insight for differences associated with probe geometry. A
hypothesis was proposed for ion collection in Faraday probes with a conductive surface at the
base of the gap volume. Facility background pressure is believed to effect probes of this design,
and will likely complicate characterization of a Hall thruster plume. In contrast, the gap
correction factor demonstrated consistent agreement in plume profiles over a wide range of
measurement distance and background pressure. Therefore, nude Faraday probes with a ceramic
base are more suitable for characterization of facility effects and studies of a plasma plume with

a range of Debye lengths.
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